ABSTRACT: This paper examines the three categories of permeability functions for unsaturated soils, including empirical macroscopic, and statistical models. The theoretical backgrounds and performance of each category are examined against various experimental data. The paper also shows that it is possible to degenerate statistical models to macroscopic models and then to empirical models. A new empirical equation for the permeability function is suggested. The statistical model demonstrates good performance and can be readily applied. In some cases the performance of the statistical model can be further improved with the i n d u c t i o n of a correction factor.
INTRODUCTION

Many
GeotechnicaI and geoenvironmental problems involve water flow through unsaturated soils. Water coefficient of permeability in an unsaturated soil is a function of pore-water pressure or water content. Direct measurements of permeability in the laboratory can be time-consuming. especially for low water content conditions. Indirect measurements of permeability are commonly performed by establishing permeability functions through the use of the relationship between water content and pore-water pressure (i.e., soil-water characteristic curve). There are numerous permeability functions available for unsaturated soils. In general, the various permeability functions can be categorized into three groups: empirical macroscopic, and statistical models. It is important that the assumptions and theoretical backgrounds associated with each category of function be known prior to its use in application. A review of these backgrounds is presented in the Paper. The performance Of each Category of function is also examined against various experimental data. Advantages and limitations associated with each model are illustrated in the paper.
PERMEABILITY OF UNSATURATED SOILS
Permeability of saturated soils is a function of void ratio e only. For unsaturated soils, the coefficient of permeability with respect to water i s a function of both void ratio e and water content w. Since void ratio e, water content w, and degree of saturation S are interrelated, can be expressed as a function of any two of the three parameters. i.e. measure such a wide range of permeability values efficiently. permeability measurements can be performed either in the field or in the laboratory. However, field measurements are usually more. variable due partly to macroscopic features and partly from the assumptions made. In this paper only laboratory measurements are discussed
In direct measurement there are steady-state and unsteadystate methods (Fredlund and In some cases an osmotic suction gradient m a y develop between the pore water within the soil and pure water that is used as the permeating fluid. This gradient will induce an additional osmotic flow across the specimen.
The osmotic flow becomes more significant as the water content of the specimen decreases. As matric suction increases. the specimen may shrink from the wall of the cell and also from the high air-entry disk. The air gap will disrupt the continuity of water flow as air is nonconductive to water Row. For the instantaneous profile method, the soil may shrink away from the instruments that are used to measure pore-water pressure changes. 
MACROSCOPIC MODELS
The objective of the macroscopic models is to derive an analytical expression for the permeability function (Mualem 1986). 
STATISTICAL MODELS
the statistical models are the most rigorous models for permeability functions. In these models the coefficient of permeability is derived from the soil-water characteristic curve. The methodology of the statistical models are based on three assumptions (Mualem 1986 ):
Brooks and Corey (1964) showed that the exponent is 3 for of pores on the coefficient of permeability To study this they To make the computation simple, two assumptions were made: the resistance to flow is from the smaller radius p of the connected cross-section, and there is only one connection between pores. Therefore making use of (8) and (12), the discharge flow dq of the pores contributed by the pair of r and p is where M is a constant accounting for geometry and fluid properties. By integrating (13) over the fiIled pores and applying Darcy's law. the following expression for permeability is obtained:
The porous medium consists of a set of randomly distributed interconnected pores characterized by a port radius r and its statistical distribution is given by f(r). The areal pore distribution is the same for all cross sections Using (14), can be computed for any given using the and is equal to f(r).
soil-water characteristic curve. Childs and CoIIis-George (1950) have suggested transforming the soil-water characteristic curve into a curve through Kelvin's capillary law and then carrying out the integration of (14). This cornputational procedure is tedious. Marshall (1958) improved the procedure by suggesting the use of equal water content intervals. This procedure led to the following expression:
Nielsen et al. (1960) found that the computation of permeabiIity is significantly improved if an adjusting factor is used to match the computed to the measured coefficients of permeability at saturation. The resuIting relative permeability function can then be written as where = surface tension of water; = density of water; = dynamic viscosity of water; n = porosity of soil; and m = total number of intervals; l = number of intervals corresponding to and = matric suction corresponding to the midpoint of the ith interval of the soil-water characteristic curve. Marshall used (15) mainly for computing the saturated coefficient of permeability. Kunze et al. (1968) made further modification of (15) and applied it to the computation of coefficient of permeability for unsaturated soils.
Mualem (1974, 1976) showed that the analytical form of (16) is which is the form given by (11) with n = m = 0.
The term in (9)- (11) is a correction factor suggested by number of investigators to improve the prediction of the a coefficient of permeability from the statistical models. This factor is supposed to account for the tortuosity. Burdine (1953) used n = 2 in (9) Millington and Quirk (1961) suggested n = Fig. 5(b) ], Yolo light clay [ Fig. 5(f]. Drummer soil: 0-30 cm  depth [Fig. 7(b) ], and Drummer soil 75-90 cm depth Fig.   7(d) Fig. 5(b) ], Superstition sand using n = 1 [ Fig. 5(e) ], and Guelph loam using n = 1 (Fig. 8) . A value of n = 2 gives the lower limit for the estimated coefficient of permeability. 
